Root tips of many plant species release a number of border, or border-like, cells that are thought to play a major role in the protection of root meristem. However, little is currently known on the structure and function of the cell wall components of such root cells. Here, we investigate the sugar composition of the cell wall of the root cap in two species: pea (Pisum sativum), which makes border cells, and Brassica napus, which makes border-like cells. We find that the cell walls are highly enriched in arabinose and galactose, two major residues of arabinogalactan proteins. We confirm the presence of arabinogalactan protein epitopes on root cap cell walls using immunofluorescence microscopy. We then focused on these proteoglycans by analyzing their carbohydrate moieties, linkages, and electrophoretic characteristics. The data reveal (1) significant structural differences between B. napus and pea root cap arabinogalactan proteins and (2) a cross-link between these proteoglycans and pectic polysaccharides. Finally, we assessed the impact of root cap arabinogalactan proteins on the behavior of zoospores of Aphanomyces euteiches, an oomycetous pathogen of pea roots. We find that although the arabinogalactan proteins of both species induce encystment and prevent germination, the effects of both species are similar. However, the arabinogalactan protein fraction from pea attracts zoospores far more effectively than that from B. napus. This suggests that root arabinogalactan proteins are involved in the control of early infection of roots and highlights a novel role for these proteoglycans in root-microbe interactions.
Plant roots are highly sensitive to environmental factors such as moisture gradients, minerals, and soil microorganisms, and they are able to modify their growth to optimize whole plant health (Barlow, 2003) . The capacity of the root system to explore the soil in response to abiotic and biotic stimuli depends to a considerable extent on the apical region of the root, termed the root cap. This small and seemingly insignificant part of the root is essential for plant survival and development (Barlow, 2003; Wen et al., 2007) . The root cap cells originate from the root cap meristem. As the cells progress and differentiate during cap development, they become involved in specific functions, including gravity sensing, hydrotropism, and the synthesis of exudates (Vicré et al., 1998; Roy et al., 2002; Borsics et al., 2007; Ponce et al., 2008) . In most plant species, such as pea (Pisum sativum) and cotton (Gossypium hirsutum), cells at the periphery of the root cap become detached as individual living cells, called root border cells (Hawes et al., 2003; Knox et al., 2007) . The sloughing of thousands of root cap cells into the rhizosphere is not only important in assisting the growing root to penetrate the soil but also provides a sheath of living cells surrounding the vulnerable root tip, protecting it against pathogens and abiotic stresses (Gunawardena and Hawes, 2002; Wen et al., 2009) .
Root cap development and border cell detachment are genetically regulated processes, and the number of cells produced is conserved for species belonging to the same family (Hawes and Lin, 1990; Brigham et al., 1998; Hawes et al., 2003) . Root tips of plants belonging to the Brassicaceae family, such as the model plant Arabidopsis (Arabidopsis thaliana), do not produce "classical" border cells but they do release related cells, termed "border-like cells" (Vicré et al., 2005) . Root caps from Arabidopsis or Brassica napus release clumps of cells that remain attached to each other and to the root tips and do not disperse individually, as border cells do . In view of their similarities and differences, these were termed borderlike cells. While border cells have been well studied in many species, such as pea Hawes, 2002, Cannesan et al., 2011) , there is relatively little information available so far regarding border-like cells because of their recent discovery (Vicré et al., 2005; Driouich et al., 2007 Driouich et al., , 2010 Durand et al., 2009) .
It is known that the border-like cells from Arabidopsis are specifically enriched in arabinogalactan protein epitopes (Vicré et al., 2005) . Arabinogalactan proteins are highly glycosylated proteins of the cell wall also found in the plasma membrane and root secretions (Bacic et al., 1986; Moody et al., 1988; Gaspar et al., 2001; Schildknecht et al., 2004; Seifert and Roberts, 2007; Driouich and Baskin, 2008; Durand et al., 2009; Ma et al., 2010) . These extracellular proteoglycans are structurally complex macromolecules due to the large branched-glycan chains, containing up to 98% carbohydrate mainly O-linked to the hydroxy Pro residues of the protein backbone (Ellis et al., 2010) . They consist primarily of (1→3)-b-galactan and (1→6)-b-linked galactan chains with (1→3,1→6)-linked branched points (Seifert and Roberts, 2007) . L-Ara is the second most abundant type of sugar residue found in arabinogalactan proteins. Other "minor" sugars, such as D-GlcA, L-Rha, L-Fuc, and D-Xyl, can also be present in the side chains carried by the (1→3)-b-galactan backbone. Most arabinogalactan proteins have the ability to bind a class of synthetic phenylazo dyes, such as the b-glucosyl Yariv (b-GlcY) reagent that has been widely used for their precipitation and subsequent purification (Ding and Zhu, 1997) . Arabinogalactan proteins are temporally and spatially regulated during plant development and are involved in many processes, including expansion, cell-cell interaction, and pollen tube guidance (Cheung et al., 1993; Majewska-Sawka and Nothnagel, 2000; Nguema-Ona et al., 2006 Seifert and Roberts, 2007; Driouich and Baskin, 2008) .
Here, we have characterized cell walls from root caps, border cells, and border-like cells of pea, the model plant for studying border cell function , and B. napus, a species that produces border-like cells . We found that root caps and border-like cells/border cells contain significant amounts of arabinogalactan proteins. Furthermore, we have taken advantage of the pathosystem pea-Aphanomyces euteiches to investigate the effects of arabinogalactan proteins from root caps on zoospore behavior and development. Common root rot due to the oomycete A. euteiches is considered the major destructive soil-borne disease of pea, whereas, on the contrary, root-infecting oomycetes are not naturally occurring pathogens of B. napus crops. We found that arabinogalactan proteins are involved in early root infection. We also show that these proteoglycans selectively induce chemotaxis, zoospore encystment, and a significant inhibition of cyst germination. These findings provide evidence for a previously uncharacterized role of arabinogalactan proteins in root-zoospore interaction.
RESULTS

Formation of Border-Like Cells in B. napus and Border Cells in Pea
While pea is known to release large numbers of individual root border cells Cannesan et al., 2011) , B. napus produced border-like cells that do not disperse into solution and remain attached to each other in layers, as described previously for Arabidopsis (Fig. 1) . Border-like cells first appeared in 2-d-old seedlings but were few in number. By 6 d, their number increased to reach 370 6 115 cells per root tip, corresponding to a root length of 89 6 10 mm (means 6 SD; n = 30 roots). If the roots are grown through soil, border-like cells also remain closely attached to the root cap, but when water is added they radiate outward (Supplemental Fig. S1 ). As the presence of mucilage at the root tip could not be detected visually in bright-field microscopy, we used ruthenium red, a dye that stains acidic polymers (e.g. pectin) known to be generally present in root exudates. The dye revealed quite abundant mucilage associated with border cells of pea but not with the border-like cells produced by B. napus (Fig. 1, E and F) . This result is consistent with the previous observation made with Arabidopsis border-like cells, which have been shown to be covered by a thin layer of mucilage only (Durand et al., 2009 ). In B. napus, border-like cells were strongly stained by calcein-AM (Supplemental Fig. S2 ), which indicates that these cells were still viable at the time of their detachment from the root cap, as shown previously for Arabidopsis (Vicré et al., 2005) .
Monosaccharide Composition of B. napus and Pea Root Cap Cell Walls
Among monosaccharides of noncellulosic cell wall polysaccharides, Ara was the most abundant (Table I) . GalUA and Gal were also plentiful. The abundance of the monosaccharides was similar in both species, except that Gal was comparatively more abundant in B. napus. In contrast, Glc was the more abundant in pea. However, variability in Glc content must be considered with caution, because this monomer may arise from hemicelluloses as well as from contaminating starch. Rha was present at similar levels in both species and at half or less of the amount of Gal. Taken together, the monosaccharide composition suggests that, along with the traditional wall components (hemicellulose, pectin), the root cap contains arabinogalactan proteins in quite significant amounts. Indeed, the presence of these proteoglycans in the cell wall material was confirmed by a strong positive reaction with the b-GlcY reagent (Supplemental Fig. S3 ).
Distribution of Arabinogalactan Protein Epitopes in the Cell Walls of Border and Border-Like Cells
To further test whether arabinogalactan proteins are present in the cell walls of border and border-like cells, we stained roots with a panel of monoclonal antibodies that have been widely used for immunocytochemical studies of the distribution of these proteoglycans (Supplemental Table S1 ; Pennell et al., 1989; Knox et al., 1990; Dolan et al., 1995; Andème-Onzighi et al., 2002) . These antibodies strongly stained the border-like cells of B. napus (Fig. 2) . Likewise, the border cells of pea were strongly stained ( Fig. 2 ; data not shown). No labeling was observed in control roots when no primary antibody was used (Supplemental Fig. S4 ). Insofar as each of these three antisera recognizes distinct polysaccharide epitopes, the common staining pattern supports the conclusion that the cell surfaces of root border and border-like cells contain accessible arabinogalactan proteins.
Biochemical Analysis of the b-GlcY
Reagent-Precipitable Material
Most arabinogalactan proteins specifically precipitate in the presence of the b-GlcY reagent (Yariv et al., 1967; Popper, 2011) . To characterize the carbohydrate composition of arabinogalactan proteins in root cap cells, we subjected the material precipitated by b-GlcY to compositional analysis following the procedure of York et al. (1985) . In general, the overall monosaccharide content of this fraction was similar in B. napus and pea (Table II) . As expected, the precipitated material was enriched in Gal and Ara. Together, these two residues accounted for 60% of the monosaccharide constituents in B. napus and nearly 48% in pea. Interestingly, in B. napus, Gal itself constituted nearly 40% of the monosaccharides, giving rise to an Ara-to-Gal ratio of 0.62; in contrast, that ratio was 0.78 in pea, which is typical of arabinogalactan protein composition (Thude and Classen, 2005; Maurer et al., 2010) . It should be noted that the ratio of Ara to Gal in pea root arabinogalactan proteins is 2.5, which is distinct from that of border cell arabinogalactan proteins (Supplemental Table S2 ). This finding suggests that arabinogalactan protein sugar composition from root cap/border cells is quite different from that of the whole root in pea. As expected, Man, Fuc, and Glc were present in only minor amounts. Surprisingly, there was a considerable amount of Xyl, GalUA, and, in pea, Rha, results that suggest the presence of pectic polysaccharides in the precipitated fraction. Anionexchange chromatography was performed as an attempt to separate arabinogalactan proteins from potential contaminating pectins (Supplemental Fig. S5 ). However, both arabinogalactan proteins and pectins bound to the column and were coeluted with 0.05 to 0.2 M NaCl. Fractionation of the b-GlcY precipitate by anionexchange chromatography failed to clearly separate arabinogalactan proteins from pectins. Therefore, based on these analyses, it is likely that pectins detected in the b-GlcY precipitate are covalently bound to arabinogalactan proteins rather than being coprecipitated with them.
To check for the occurrence of pectin in the precipitates, we blotted the fraction and probed it with monoclonal antisera against pectic epitopes. The results are summarized in Table III . The precipitates from both species reacted strongly with JIM5 and JIM7, implying the presence of homogalacturonan. To provide additional information on the presence of pectin, the b-GlcY-precipitated fraction was separated by SDS-PAGE, blotted, and probed with anti-arabinogalactan protein and anti-pectin antisera (Fig. 3) . In both species, JIM8 reacted with a smear of high-M r material, roughly coincident with the gum arabic standard, whereas JIM13 reacted with bands throughout the gel, and the pattern of recognized bands was different among the two species and gum arabic. In addition, JIM13 antibody reacted very strongly with two bands (100 and 140 kD) in the root cap/border cell material from pea that are not detected in pea root extract (Supplemental Fig. S6 ). These data suggest that arabinogalactan protein populations are different between root cap/border cells and the rest of the root in pea. Such a resolution of multiple bands of arabinogalactan proteins with JIM13 is unusual, as probing with antiarabinogalactan protein monoclonal antibodies on western blots generally reveals a smear of material (Jauh and Lord, 1996; Šamaj et al., 2000; Lu et al., 2001 ). However, the presence of sharp bands does not represent a distinguishing feature of the root cap/border cells, as this occurs also in the whole root of B. napus and pea (Supplemental Fig. S6 ). Such a pattern of labeling is also found in the root extract of radish (Raphanus sativus), a Brassicaceae species like Arabidopsis that also produces border-like cells. In contrast, the anti-homogalacturonan antiserum, JIM5, detected a single sharp band, running at about 85 kD and equally reactive in both species. In parallel, pectin fractions were extracted with ammonium oxalate, separated by SDS-PAGE, blotted, and probed with JIM5. This antibody recognized a diffuse band of high M r that was possibly more abundant in B. napus. This range does not coincide with the single band detected with this antibody in the b-GlcY precipitate. Based on these data, we conclude that the homogalacturonan in the b-GlcY fraction was cross-linked to one or more arabinogalactan proteins rather than precipitated directly by the b-GlcY reagent. The amount of material present in the Yariv reagent precipitate was quantified by rocket gel electrophoresis (Fig. 4A ). Based on the gum arabic standard, root caps were estimated to contain 0.20 6 0.03 mg g 21 dry weight of putative arabinogalactan protein. Interestingly, electrophoresis performed on agarose gels revealed different populations of arabinogalactan proteins in the two species (Fig. 4B ). In pea, the material was predominantly high M r (approximately the overlapping of the gum arabic standard) and contained lesser amounts of material at low M r ; in B. napus, only low-M r material was detected. This distinction of the putative arabinogalactan protein populations based on M r and/or electrical charge density was confirmed by cross electrophoresis with the b-GlcY reagent (Fig. 4C ). Here again, the material from pea shows peaks at both high and low M r , whereas that from B. napus had little if any high-M r material and the low-M r material had a broad distribution, possibly subdivided into two main populations (Fig.  4C, arrows) . Evidently the putative arabinogalactan protein fraction from the two root caps differs qualitatively.
For the final analytical method, we characterized sugar linkage based on methanolysis, as described in "Materials and Methods." Gal was 3-, 6-, and 3,6-linked as well as terminal, consistent with the branched galactan backbone for the arabinogalactan chains (Table IV) . Ara was mostly in the furanose form and either 5-linked or terminal, results that are typical of arabinogalactan proteins from other sources (Tryfona et al., 2010) . In addition, appreciable amounts of 2-and 2,4-2-linked Rha and 4-linked Xyl were present as well as smaller amounts of terminal Fuc, terminal Xyl, and 4-Man, indicating a possible occurrence of rhamnogalacturonan I, xylan, and mannan in the precipitate. Comparing the two species, pea had substantially more 3-Gal and less 3,6-Gal. A difference in the extent of branching within the galactan backbone might be related to the differences in electrophoretic mobility observed under native conditions (Fig. 4) .
In summary, our analysis shows that b-GlcY precipitates material from the root cap cell walls of the two species that contains a considerable quantity of arabinogalactan protein. The material appeared to differ qualitatively between the species, particularly in its native electrophoretic mobility. Subsequently, we will refer to the b-GlcY precipitated fraction as "arabinogalactan protein," even though we recognize that it may contain additional polysaccharides.
Effect of Arabinogalactan Proteins on the Behavior of A. euteiches Zoospores
The oomycete A. euteiches is responsible for common root rot, a destructive soil-borne disease of pea. In (Hardham and Suzaki, 1986; Tyler, 2002) . We analyzed each in turn. We began by assaying chemotaxis (Fig. 5) . When placed in a drop of water and observed using the microscope, zoospores of A. euteiches move randomly without any preferential direction; in contrast, when an attractant is placed at one edge of the drop, the zoospores move more uniformly in the direction of the drop. We assayed this quantitatively as the percentage of zoospores moving toward the test compound over 4-h observation windows. In tests of purified compounds, neither commercial citrus pectin, gum arabic, nor b-GlcY reagent significantly attracted the zoospores (Fig. 5A) . When an intact root or total root exudates were used as the test compound, zoospores were strongly attracted (Fig. 5B) . The effect was much larger for pea compared with B. napus, and the effect of the whole root was moderately stronger than the whole extract. Interestingly, the purified arabinogalactan protein fraction was almost exactly as effective as the total root exudates. The chemotactic response was sensitive to arabinogalactan proteins at a concentration of 50 mg mL 21 or greater (Supplemental Fig. S7 ). To determine whether arabinogalactan proteins themselves were responsible for the attraction, the exudate and the fraction were each treated with b-GlcY reagent. Although the total exudate retained considerable activity after this treatment, the arabinogalactan protein fraction was rendered little more attractive than water. All of these trends were similar Figure 3 . SDS-PAGE analysis of selected fractions extracted from root cap cell walls, which include border and border-like cells. The b-GlcY precipitate (15 mg) and extracted pectin (15 mg) were run on gels, blotted, and probed with antisera recognizing arabinogalactan proteins (JIM8 and JIM13) and pectin (JIM5). Molecular mass is indicated in kD on the left. Bn and Ps indicate material from B. napus and pea, respectively. Cit, Commercial citrus pectin; gA, gum arabic. with respect to the large activity in pea and the modest activity of B. napus.
We next assayed the encystment of zoospores. When A. euteiches zoospores are suspended in water, approximately 10% of them encyst within 5 min, and the rest encyst slowly over several hours (Supplemental Fig. S8 ). Therefore, to assay the effect of test compounds, we quantified the percentage of encysted spores at 5 and 15 min after suspension (Fig. 6) . Gum arabic has been previously reported to induce the encystment of A. euteiches (Deacon and Saxena, 1998) and was extremely effective under our conditions, causing nearly 100% encystment by 15 min; in contrast, treatment with citrus pectin was not distinguishable from water. Although not as effective as gum arabic, exudates from pea roots and the arabinogalactan protein fractions from both pea and B. napus strongly stimulated encystment to about the same extent. This is in contrast to chemotaxis, which was stimulated far more effectively by the arabinogalactan protein fraction from pea than from B. napus. The encystment assay was sensitive to arabinogalactan proteins at a concentration of 20 mg mL 21 or greater but was not dose dependent (Supplemental Fig. S9) . The encystment activity was due to an appreciable extent to arabinogalactan protein, as indicated by treatment with b-GlcY being able to reduce the activity, particularly for the purified arabinogalactan protein, which was almost completely inactivated.
Finally, we assayed germination ( Fig. 7 ; Supplemental  Fig. S10 ). There was almost no germination in water, even up to 4 h after suspending spores. Root exudates strongly stimulated germination (Fig. 7A) , and exudates from pea were approximately three times more effective than those from B. napus (Fig. 7B) . However, in this assay, the arabinogalactan protein fraction was ineffective and, in fact, appeared to be inhibitory. This was seen in 24-h treatments, where there was modest germination of spores incubated in water but almost none for those incubated in arabinogalactan protein fractions from either species (data not shown). Additionally, the effectiveness of the pea root exudate was decreased when it was mixed with the arabinogalactan protein fraction, and the fraction from pea was more inhibitory than the fraction from B. napus (Fig. 7) .
DISCUSSION
In this study, we investigated the structural characteristics of root cap arabinogalactan proteins from pea, a species that produces border cells , and B. napus, a species that produces border-like cells . We also assessed the effects of these proteoglycans on the development of A. euteiches, an oomycetous pathogen that causes root rot disease of pea. Arabinogalactan proteins are heterogeneous proteoglycans characterized by a highly complex and diverse carbohydrate moiety. The glycomodule of arabinogalactan proteins varies between plant species and organs and is developmentally regulated during plant growth (Pennell et al., 1991; Dolan et al., 1995) . An indication for the production of arabinogalactan proteins by pea roots has been made previously by several authors, and Ara and Gal have been reported as major sugar residues in root-secreted slime (Bacic et al., 1986; Moody et al., 1988; Knee et al., 2001; Xie et al., 2012) . Furthermore, a pea border cell-specific b-galactosidase has been reported to be required for pea root growth, and although the endogenous substrate of this enzyme has not been determined, arabinogalactan proteins were proposed as candidates (Wen et al., 2008) . Also, arabinogalactan protein epitopes were found to be highly expressed in Arabidopsis border-like cells (van Hengel and Roberts 2002; Vicré et al., 2005) . We show that root caps as well as border cells and border-like cells contain significant amounts of arabinogalactan protein and that these proteoglycans have distinct compositional features depending on the species. Interestingly, our data support the conclusion that the structure of arabinogalactan proteins may differ quite significantly between the root cap (including root border cells) and the root proper. In addition to Ara and Gal residues, the isolated arabinogalactan protein fractions from both species contained substantial amounts of other sugars, including GalUA and Xyl, neither of which is a major constituent of arabinogalactan proteins. Our data suggest that these sugars are related to the occurrence of pectic polysaccharides, such as homogalacturonan, rhamnogalacturonan I, or xylogalacturonan, and we hypothesize that these polymers are part of pectin-arabinogalactan protein complexes present within the cell wall of root cap cells. Such an association between arabinogalactan proteins and pectin has been reported previously in cell wall extracts from carrot (Daucus carota) cell cultures, tap root, and hop (Humulus lupulus; Oosterveld et al., 2002; Immerzeel et al., 2006) . Although homogalacturonan domains have been implicated in arabinogalactan protein-pectin interactions, the exact linkage type and the residues involved remain to be determined.
In addition to homogalacturonan, our arabinogalactan protein fractions seem to contain xylogalacturonan (Table III). Xylogalacturonan is a pectic polysaccharide that also has homogalacturonan domains. Xylogalacturonan epitopes are recognized by LM8 and have been reported previously to be abundant in root cap and border cells (Willats et al., 2004; Durand et al., 2009 ), but the function of this polysaccharide in such cells is not fully known, although it has been proposed to make cell walls resistant to degradation by pectinases secreted by pathogens (Jensen et al., 2008) . Indeed, it has been reported that substitution of galacturonan domains with Xyl makes the polymer more resistant to digestion with endopolygalacturonases as compared with homogalacturonan (Jensen et al., 2008) . Endopolygalacturonases are synthesized and secreted by various plant pathogens, presumably to degrade the host cell walls and to facilitate progression throughout host tissues (Cervone et al., 1987a (Cervone et al., , 1987b (Cervone et al., , 1989 . Therefore, xylogalacturonan could play a role in plant defense by reducing cell wall degradation and restraining pathogen penetration within the tissues. Consistent with such a role is the observation that XGD1 gene expression, which encodes a xylogalacturonan-specific xylosyltransferase, increases significantly in response to infection of Arabidopsis leaves by the fungus Botrytis cinerea or the oomycete Phytophthora infestans (Jensen et al., 2008) . Whether xylogalacturonan produced by pea root border cells contributes specifically to the protection of root apex from pathogen infection remains to be clearly demonstrated.
In considering pea and B. napus, we were struck by the fact that pea is susceptible to infection by A. euteiches but the crucifer is not, and we wondered whether, given their differences, the arabinogalactan proteins produced by the two species were relevant. To this end, we studied to what extent key events in the establishment of infection could be influenced by arabinogalactan proteins. To infect their host, A. euteiches first have to find the plant (i.e. attraction), have to lose their apparatus for free motility (encystment), and have to grow hyphae, which carry out the infection (germination). In principle, cell wall polysaccharides could be involved in any of these events.
As shown previously (Donaldson and Deacon, 1993) , gum arabic promotes the encystment of certain oomycetes, but arabinogalactan had no effects on zoospores of Pythium species. However, as shown in our chemotaxis assay, arabinogalactan proteins attract zoospores, with those obtained from pea root caps being more effective than those obtained from B. napus. In fact, the isolated arabinogalactan protein fraction from pea attracted zoospores nearly as effectively as did a complete root exudate. This is unusual given the complex nature of exudates and the typical finding that the mixture strongly outperforms any of its components (Hardham and Suzaki, 1986) . The distinct attractiveness of the arabinogalactan protein fractions to the zoospores adds a bioassay to the compositional and electrophoretic analyses demonstrating qualitative differences between the fractions from the two species. To our knowledge, this is the first demonstration that arabinogalactan proteins can influence zoospore chemotaxis.
Given the complex nature of the interaction between pathogen and host, it is striking that, on their own, arabinogalactan proteins appear to be such strong attractants. Certainly, if A. euteiches zoospores rely on arabinogalactan proteins to find a target root, then their preference for those secreted by pea could partly explain why B. napus suffers mildly if at all from this pathogen. In vivo, the primary site of infection in pea is the root elongation zone, whereas root cap and border cells remain free of pathogen at early stages of root infection (Cannesan et al., 2011) . Only a few encysted zoospores were present in the vicinity of the root tip (but not attached to root cap/border cells). Pea root border cells are known to produce antimicrobial compounds including proteins (Wen et al., 2007) , extracellular DNA (Wen et al., 2009) , and phytoalexin (Cannesan et al., 2011) that are secreted into the external environment. Arabinogalactan proteins are also secreted by root cap and border-like cells and are present in root mucilage that forms a halo surrounding the root tip (Durand et al., 2009; Driouich et al., 2010) . One can expect that these arabinogalactan proteins, together with antimicrobial compounds, at the front line between root and soil, provide a chemical barrier to A. euteiches. Arabinogalactan proteins could contribute to avoid root cap infection by inducing zoospore encystment at the periphery of the root tip. We believe that arabinogalactan proteins are part of these complex molecular interactions between roots and zoospores of A. euteiches. Our hypothesis is that arabinogalactan proteins produced by the root cap and secreted into exudates have a "decoy" function to attract and immobilize the oomycete A. euteiches. Root border cells from pea have been reported to attract (stimulatory effect) and immobilize (inhibitory effect) soil-borne nematodes . Root border cells also act as a barrier to the pathogenic fungus Nectria hematococa, preventing root cap infection (Gunawardena and Hawes, 2002) . Arabinogalactan proteins are potential candidates to be involved in such a mechanism, thereby contributing to root cap protection via the attraction and immobilization/inhibition of pathogen progression.
The idea that arabinogalactan protein mediates interactions between a root and a microorganism is not without precedent (Seifert and Roberts, 2007) . For example, treatment with b-GlcY reagent causes a significant reduction in the colonization of Arabidopsis root cap and border-like cells by rhizobacteria (Vicré et al., 2005) . Likewise, an Arabidopsis mutant, rat1, deficient in a gene encoding for an arabinogalactan protein, is resistant to infection and transformation by Agrobacterium tumefaciens, a phenotype implying that the missing arabinogalactan protein is somehow required for a productive infection (Zhu et al., 2003) . Xie et al. (2012) demonstrated that arabinogalactan proteins from pea exudates promote the polar attachment of the symbiotic bacterium Rhizobium leguminosarum to glass. Root exudates from the Arabidopsis mutant rat1 failed to induce such in vitro attachment with R. leguminosarum. These data underline the complexity of the molecular and cellular events involved in root-microbe interaction and are consistent with the fact that one or more arabinogalactan proteins in root exudates participate in bacteria attachment.
To conclude, this study highlights a novel function for arabinogalactan proteins from root caps in rootzoospore interaction (i.e. chemotaxis). Arabinogalactan proteins appear to be part of complex interactions between roots and zoospores of A. euteiches, and as a consequence, the nature of these proteoglycans in root caps is likely to impact the relations between roots and microbes. It is generally assumed that the biological functions of arabinogalactan proteins rely on the diversity and complexity of the carbohydrate moiety. However, recent data suggest that both glycomodules and the protein backbone are involved in the rootmicroorganism interaction (Xie et al., 2012) . Understanding the molecular mechanisms involved in such communication is critical to control the behavior of plant pathogens, and it is of interest to further explore the motifs involved in zoospore interaction.
MATERIALS AND METHODS
Plant Material
Brassica napus (var. Expert) and pea (Pisum sativum var. Normand) seeds were surface sterilized and sown onto Murashige and Skoog medium containing 1.2% (w/v) Bacto Agar supplemented with 3% (w/v) Suc (Durand et al., 2009 ). Plants were grown in continuous light (120 mE m 22 s 21 ) at 24°C, as described by Vicré et al. (2005) . To avoid the roots penetrating the agar and the subsequent loss of border and border-like cells, plants were grown in vertically orientated petri dishes. Root caps, including border and border-like cells, were harvested from 5-d-old seedlings. Root exudates were collected by suspending the roots in distilled water (four roots per 2 mL) for 15 min (adapted from Bacic et al., 1986) . After being vortexed, the roots were removed, and the mucilage suspension was centrifuged (2,000g, 2 min) to remove cell debris.
Histochemical Staining and Light Microscopy
Roots were mounted on microscope slides in a drop of water for examination using bright-field microscopy. Ruthenium red dye (Sigma) was used at 0.05% (w/v) in deionized water for 15 min to detect pectins. Roots were carefully washed in deionized water and observed using a bright-field microscope (Durand et al., 2009 ). Staining of b-glucans including cellulose was performed using Calcofluor White M2R (Sigma; 1 mg L 21 ) for 30 min in the dark (Andème-Onzighi et al., 2002) . After being carefully washed in deionized water, roots were observed using a microscope equipped with UV fluorescence (excitation filter, 359 nm; barrier filter, 461 nm). Staining with 5 mM calcein-AM (Sigma) was performed as described by Vicré et al. (2005) . Briefly, roots were stained for 3 h, carefully washed in deionized water, and observed using a microscope equipped with epifluorescence optics and standard filter sets. Images were acquired with a Leica DFC 300 FX camera.
Immunofluorescence Localization of Arabinogalactan Protein Epitopes
The monoclonal antibodies specific for arabinogalactan proteins used in this study were as follows: JIM13 (Yates et al., 1996) , JIM8 (Knox et al., 1991) , and JIM14 (Knox et al., 1991; Supplemental Table S1 ). Roots from 5-d-old seedlings were fixed for 40 min in 1% glutaraldehyde, 4% paraformaldehyde in 50 mM PIPES, and 1 mM CaCl 2 , pH 7, and immunolabeled according to Willats et al. (2001) . Roots were washed in phosphate-buffered saline (PBS) containing 1% (w/v) bovine serum albumin (BSA) and then incubated overnight in JIM13 (1:5), JIM8 (1:5), or JIM14 (1:5) diluted in PBS-1% BSA containing 1:30 normal goat serum, as described previously by Vicré et al. (2005) . Roots were carefully washed and incubated with anti-rat IgG (dilution, 1:50) coupled to fluorescein isothiocyanate (Sigma). After washing in PBS-1% BSA, roots were mounted in
Isolation of Cell Wall Material
Root caps (100 mg) were frozen with liquid nitrogen and ground into a fine powder. The powder was treated sequentially with boiling 90% ethanol (2 3 30 min), chloroform and 95% methanol (overnight), 100% methanol (4 h), and acetone (overnight) according to Aboughe-Angone et al. (2008) . The cell wall residue was freeze dried and kept until use. To extract pectin, root caps were ground to a fine powder in 70% ethanol using a pestle and mortar and suspended in boiling ethanol for 1 h. The powder was subjected to 0.8% boiling ammonium oxalate for 1 h, and the oxalate extracts were lyophilized.
Arabinogalactan proteins were isolated by precipitation with the b-GlcY reagent (Biosupplies Australia) as described previously by Ding and Zhu (1997) . Briefly, root caps (including border or border-like cells) were ground to a fine powder in liquid nitrogen and incubated in extraction buffer (50 mM pH 8.0, 10 mM EDTA, and 1% [v/v] Triton X-100) for 16 h at 4°C. The supernatant was mixed by the addition of 5 volumes of 95% ethanol overnight at 4°C, and the precipitate was suspended in 10 mL of 50 mM Tris-HCl, pH 8.0. After being dialyzed against deionized water and freeze dried, the material was dissolved in 1% NaCl and arabinogalactan proteins were precipitated by the addition of an equal volume of a solution of 2 mg mL 21 b-GlcY reagent in 1% NaCl (adapted from Gane et al., 1995) . The mixture was left to precipitate overnight at 4°C, and the arabinogalactan protein-b-GlcY complex was collected by centrifugation at 9,000 rpm for 1 h. The pellet was washed three times with 1% NaCl to remove excess b-GlcY reagent and three times with methanol. The pellet was dried and dissolved in 500 mL of dimethyl sulfoxide and 10% sodium dithionite. Fractions containing arabinogalactan proteins were pooled and dialyzed overnight against deionized water at 4°C and lyophilized.
Monosaccharide Analysis
The sugar composition of noncellulosic cell wall polysaccharides was determined by gas chromatography analysis of trimethylsilyl methylglycoside derivatives according to York et al. (1985) and using inositol as an internal standard. Briefly, samples were hydrolyzed in 2 M trifluoroacetic acid for 2 h at 110°C and then heated in dry 1 M HCl in methanol at 80°C for 24 h for methanolysis. After evaporation of the methanol, the methyl glycosides were then converted into their trimethylsilyl derivatives by heating the samples for 30 min at 80°C in hexamethyldisilizane:trimethylchlorosilane:pyridine (3:1:9). After evaporation of the reagent, the samples were suspended in cyclohexane before being injected on a DB-1 column (Supelco) as described previously by Nguema-Ona et al. (2006) . Chromatographic data were integrated with GC Star Workstation software (Varian), each surface being corrected according to its response factor.
Sugar Linkage Analysis
Arabinogalactan proteins were methylated using potassium methyl-sulfinylmethanide (200 mL, 2.5 M in dimethyl sulfoxide) as described by Ishii et al. (1999) . Briefly, the permethylated polysaccharides were hydrolyzed with 2.0 M trifluoroacetic acid at 121°C for 1 h, reduced with 1 M NaBD 4 in 1 M NH 4 OH for 1 h at room temperature, and acetylated using acetic anhydride at 121°C for 3 h. The partially methylated alditol acetates were analyzed by gas chromatography coupled to electron-impact mass spectrometry using SP-2330 columns.
Fractionation of Arabinogalactan Proteins by Anion-Exchange Chromatography
Anion-exchange chromatography was performed to separate arabinogalactan proteins from contaminating pectins in the b-GlcY reagent precipitate according to the protocol of Du et al. (1994) and Sims and Bacic (1995) . b-GlcY reagent precipitate and pectin (extracted with 0.8% ammonium oxalate as described by Dardelle et al. [2010] ) from pea root cap were dialyzed against 0.05 M Tris-HCl, pH 8, at 4°C. The arabinogalactan proteins or pectin extracts were loaded onto a Q Sepharose Fast Flow gel column (3 mL) equilibrated with 0.05 M Tris-HCl, pH 8. The column was washed to eliminate unbound material with 0.05 M Tris, pH 8. Bound material was eluted by applying a gradient of NaCl (from 0.05 to 0.5 M). Fractions were pooled, concentrated, dialyzed using centrifugal filter units (Amicon Ultra-10K-Millipore), and freeze dried (adapted from Sims and Bacic, 1995) . Samples were transferred to a nitrocellulose membrane, and the presence of arabinogalactan proteins and pectins was monitored using b-GlcY reagent staining and dot blotting (Andème-Onzighi et al., 2000; Vicré et al., 2004) . The primary antibodies used were as follows: JIM13 (1:50), JIM5 (1:100), LM16 (1:50), LM13 (1:50), and 2F4 (1:50).
Immunoblots and Electrophoresis
For SDS-PAGE analysis, arabinogalactan proteins were separated on 8% polyacrylamide minigels (Bio-Rad) and blotted as described previously (Willats and Knox, 1996) . For dot-blot detection of arabinogalactan proteins, 25-mg samples were blotted on nitrocellulose membranes (Whatman; protan BA 83 nitrocellulose, 0.2 mm) and were blocked with 5% (w/v) low-fat dried milk in Tris-buffered saline (TBS; 20 mM Tris, 500 mM NaCl, pH 7.5). Samples were incubated with primary antibody (1:10) in TBS for 2 h. After four washes with TBS containing 1% Tween 20, blots were incubated for 2 h with anti-rat IgG peroxidase conjugate (Sigma) diluted 1:50 in TBS containing 5% low fat milk. After four washes with TBS containing 1% Tween 20 followed by one wash with TBS, enzyme activity was visualized with 30% hydrogen peroxide (diluted in TBS) and methanol 4-chloronaphthol horseradish peroxidase color reagent. The primary antibodies used were JIM5, JIM7, LM6, LM8, JIM13, JIM8, and JIM14 (obtained from PlantProbes).
For the radial diffusion assay, a 1% (w/v) agarose gel containing 0.15 M NaCl, 0.02% (w/v) NaNO 3 , and 10 mg mL 21 b-GlcY reagent was prepared according to van Holst and Clarke (1986) . The wells were filled with arabinogalactan proteins (1 mg) and incubated overnight at room temperature. Gum arabic from acacia (Fisher Scientific) was used as a standard. For rocket and cross electrophoresis, gels were made in 1% agarose containing 90 mM Tris (pH 8.3), 90 mM boric acid, 2 mM EDTA, and 20 mg mL 21 b-GlcY reagent. Aliquots of 0.5 mg of arabinogalactan proteins were loaded in each well and run for 16 h at 10 mA, and the gels were rinsed with 2% (w/v) NaCl. The quantity of arabinogalactan proteins was estimated in relation to the peak area of gum arabic (three to four gels were used for quantification). Cross electrophoresis was performed according to van Holst and Clarke (1986) . Samples were run in the first dimension as described above, and then the lanes were cut out and run in the second dimension on a gel with 30 mg mL 21 b-GlcY reagent for 16 h at 5 mA (Ding and Zhu, 1997; Girault et al., 2000) .
Zoospore Production and Chemotaxis
Aphanomyces euteiches isolate RB84 was used. This isolate is the French reference strain for pea, previously described as being highly virulent, and was kindly provided by B. Tivoli (INRA Rennes). Zoospores were produced according to Moussart et al. (2001) and used at a concentration of about 10 5 zoospores mL 21 water. Zoospores could be observed microscopically moving freely on the surface of the glass slide. Chemotaxis assays were adapted from Zhao et al. (2000) . Briefly, a droplet of zoospores (20 mL, approximately 500 spores) was placed on the surface of a glass slide, the test compound was added to the opposite side of the slide, and the percentage of attracted zoospores was determined over a period of 4 h. In order to check for the specificity of arabinogalactan proteins, control experiments were carried out using arabinogalactan protein fractions preincubated overnight with b-GlcY reagent. Gum arabic was used at 0.1% (w/v), citrus pectin at 1% (w/v), and b-GlcY at 5 mM. Three replicate slides were included for each treatment, and the whole test was repeated three times. Assays for germination and encystment were based on those described previously by Deacon and Saxena (1998) . Briefly, a 20-mL suspension of zoospores was added to a 20-mL droplet of a test substance on a slide and incubated in the dark for 1 to 4 h, observed with bright-field microscopy, and the percentage of germinated or encysted spores was counted manually. In some experiments, citrus pectin (Sigma) was used for comparison. Observations were made with a 403 objective, and images were acquired with a Leica DFC 300 FX camera. Data are means of three replicates based on at least 200 zoospores per replicate.
Statistical Analysis
Statistical significance was calculated by using one-way ANOVA and the Newman-Keuls test, and P , 0.05 was accepted as significant.
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